Aim: Krüppel-like factor 8 (KLF8) plays important roles in cell cycle and oncogenic transformation. On other hand, androgen receptor (AR) is crucial in development of both androgen-dependent and independent prostatic malignancies. The aim of this study is to investigate the role of KLF8 in prostate cancer (PCa) and the relationship between KLF8 and AR. Methods: Eight human PCa cell lines, including androgen-dependent LNCap cells and androgen-independent 22Rv1 cells, as well as human PCa samples were studied. LNCap cells and 22Rv1 cells were transfected with plasmids encoding full-length wild-type KLF8 or KLF8 shRNA. The expression of KLF8 protein was detected using Western blotting or immunohistochemical staining. Cell proliferation in vitro was measured with MTT assay, and in vivo in a xenograft nude mouse model. Yeast two-hybrid screening, co-immunoprecipitation and pull down assays were used to examine the binding of KLF8 to AR. Luciferase reporter gene assay was used to measure the transcriptional activity of the genes targeted by AR. Results: In 133 human PCa samples, KLF8 protein staining was observed in 92.65% (63/68) of high-grade PCa, 66.15% (43/65) of low-grade PCa, and 6.82% (3/44) of adjacent normal tissues. The expression of KLF8 was significantly associated with poorer overall survival. Overexpression of KLF8 enhanced the proliferation of both LNCap and 22Rv1 cells, while knockdown of endogenous KLF8 suppressed the proliferation. These manipulations exerted similar effects on the tumor volumes in the xenograft nude mouse model. Yeast two-hybrid screening revealed that KLF8 was a novel AR-interacting protein. With pull down assay and co-immunoprecipitation assay, we demonstrated that KLF8 bound directly to AR, and KLF8 enhanced AR target gene transcription.
Introduction
Prostate cancer (PCa) is a frequently diagnosed cancer and a leading cause of cancer death in men [1] . AR is a member of the nuclear hormone receptor family of transcriptional factors that activates the expression of numerous androgen-responsive genes, and AR plays key role in the initiation and development of PCa [2] [3] [4] [5] . Upon androgen binding, AR is released from heat shock proteins (HSPs), homodimerizes, and translocates to the nucleus, where it recruits transcriptional machinery components, chromatin-remodeling complexes, and specific transcriptional co-activators to regulate down-stream transcriptional activities [6] [7] [8] [9] . For early stage PCa, androgen ablation is a successful therapy to achieve tumor regression.
However, in later-stage PCa, AR is usually continuously activated in the absence of androgens, becoming androgen independent [10] . Currently, there are no curative therapeutic agents for this hormone-resistant stage of PCa [11] . The Krüppel-like factor (KLF) family of transcription factors share homology in three C2-H2 zinc finger DNA binding domains. KLF8, a member of the KLF family, is highly expressed and plays important roles in many human malignant tumors; it also plays a critical role in the regulation of cell cycle progression, oncogenic transformation and tumor cell dissemination [12] [13] [14] [15] [16] . KLF8 was recently shown to induce the epithelial-to-mesenchymal transition (EMT) in tumor cells and plays a crucial role in human carcinoma metastasis [17] . However, the role of KLF8 in PCa is unknown.
Here, we report that KLF8 expression was significantly associated with poorer overall survival in PCa patients. Overexpression of KLF8 enhanced PCa cell growth, whereas www.chinaphar.com He HJ et al Acta Pharmacologica Sinica npg knockdown of KLF8 inhibited PCa cell growth, both in vitro and in vivo. In this study, we identify KLF8 as a novel AR coactivator and suggest a role for KLF8 in cancer progression.
Materials and methods

Immunohistochemical staining
The study was approved by the Ethics Committee of Harbin Medical University. Human PCa samples were obtained from the Fourth Affiliated Hospital of Harbin Medical University. The pathological grade of tumors was defined according to the Gleason Grading System. Tissue sections with a thickness of 5 µm were dewaxed, and endogenous peroxidase was quenched with 3% H 2 O 2 in methanol for 30 min. After blocking by incubation with 10% BSA in PBS at 37 °C for 1 h, the tissue sections were incubated with anti-KLF8 antibodies in PBS containing 10% BSA at 4 °C overnight, followed by incubation with a horseradish peroxidase-conjugated anti-rabbit antibody. Color was then developed by incubation with an ImmunoPure Metal Enhanced Diaminobenzidine (DAB) Substrate kit (Pierce). The tissue sections were washed three times in PBS for 10 min after each incubation. The tissue sections were finally counterstained with hematoxylin. To determine KLF8 immunoreactivity, cytosolic or nuclear staining of yellowish or brownish granules was graded as follows: 0 for background staining, 1 for faint staining, 2 for moderate staining, and 3 for strong staining. In addition, positively stained areas in entire tissue sections were graded as follows: 0 for <5%, 1 for 5%-25%, 2 for 26%-50%, 3 for 51%-75%, and 4 for 75%-100%. When combining these two parameters, 0-2 and ≥3 were considered negative and positive staining, respectively. The PSA value was determined with Plus-180 (Bayer, Pittsburgh, PA, USA).
Plasmids and antibodies KLF8 cDNA and KLF8 short hairpin RNA (shRNA) were purchased from Open Biosystems. The KLF8 shRNA target sequence was 5'-CTGGTCGATATGGATAAACTCA-3', and the nonsense shRNA sequence was 5'-AGTGCACGTGCAT-GTCCTA-3'. The rabbit anti-KLF8 antibody that was used for the Western blot assay, immunoprecipitation assay and immunohistochemical assay was purchased from Abcam. The rabbit anti-AR antibody used in the Western blot assay was purchased from Abcam. The mouse anti-α-tubulin antibody used in the Western blotting assay was purchased from Sigma. MTT assay reagents were purchased from DingGuo Biotech.
Cell culture
The following human PCa cell lines were purchased from American Type Culture Collection (ATCC): LNCap, 22Rv1, LAPC-4, LAPC-9, PC3, DU145, RWPE-1, and Vcap. The cell lines were cultured according to the recommendations of the ATCC. LNCap and 22Rv1 cells were transfected with plasmids encoding full-length, wild-type of KLF8 or a control vector, KLF8 shRNA or Ctrl shRNA using Lipofectamine 2000 (Invitrogen). Cells were selected with 0.8 mg/mL G418 (GIBCO BRL) for two weeks, and cell pools in which KLF8 was stably overexpressed or knocked down were obtained for the corresponding assays.
Yeast 2-hybrid assay AR was identified from a prostate library (Clontech) in a yeast two-hybrid screen using the KLF8 bait clone pGBKT7-KLF8 (containing full-length KLF8).
Immunoblotting, immunoprecipitation and GST pull down For the immunoblotting assay, cells lysates were subjected to SDS-PAGE, transferred to PVDF membranes (Millipore) and detected with appropriate primary antibodies. Anti-mouseor anti-rabbit-HRP-conjugated secondary antibodies (Sigma) were used, and the blotting signals were detected with SuperSignal West Dura Extended Duration Substrate (Pierce). Immunoblotting signals were quantitatively analyzed via densitometry analysis with LAS4000 Image software (Fuji Film).
For immunoprecipitation, cells were lysed in RAPI buffer (10 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 600 mmol/L NP-40, 1% Triton X-100, 10% glycerol, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L sodium fluoride, 1 mmol/L sodium orthovanadate) and incubated with 20 µL protein-A sepharose beads (GE Healthcare) and 1 µg of the appropriate primary antibodies at 4 °C overnight. After washing threetimes with PBS, the samples were analyzed by immunoblotting.
For the GST pull down assay, 3 µg GST-KLF8 protein, 3 µg His-fused AR proteins, and 20 µL glutathione beads (Sigma) were incubated in 1 mL of PBS with 0.1% BSA at 4 °C for 2 h. After washing three times with PBS, the samples were analyzed by immunoblotting.
MTT cell proliferation
For the MTT assay, 2x10 4 cells/mL were plated in 96-well tissue culture plates (100 µL complete medium/well) and cultured at 37 o C in 5% CO 2 atmosphere. At different time points, MTT reagents (DingGuo) were added (10 µL per well) and incubated at 37 o C for 4 h. To stop the reaction, 100 µL of DMSO was added, and the optical density was determined at 570 nm in a multi-well plate reader.
Xenograft nude mouse model of tumor growth
Cells were resuspended at 1×10 7 cells/mL, and a 0.1-mL aliquot of cell suspension was injected subcutaneously into athymic nude mice (n=10). Tumor volumes were measured at different time points by external measurements and were calculated according to the equation V=[L×W 2 ]×0.52 (V=volume, L=length and W=width).
Luciferase reporter assay
To evaluate AR-dependent transcriptional activity, a luciferase reporter assay was performed with a luciferase reporter construct (Promega). Cells were transiently transfected in triplicate with the AR-targeted luciferase reporter and pCMV-β-galactosidase (Promega) using Lipofectamine 2000 (Invitrogen). Luciferase activity was determined 48 h after www.nature.com/aps He HJ et al Acta Pharmacologica Sinica npg transfection using the Luciferase Assay System Kit (Promega). β-Galactosidase activity was determined using the Luminescent β-gal Detection Kit II (BD Clontech) as an internal control.
qRT-PCR An Absolutely RNA Miniprep Kit (Stratagene) was used to extract the total RNA, and the ThermoScript RT-PCR System (Invitrogen) was used for reverse transcription. SYBR-Green Master PCR Mix (Applied Biosystems) was used for PCR in triplicate. All RT² qPCR Primer pairs were purchased from SABiosciences. The Mx3000 qPCR System (Stratagene) was used for PCR and to collect data. β-Actin was used as an endogenous control. The relative quantitation value for each target gene was expressed as 2 -(Ct-Cc) (Ct and Cc are the mean threshold cycle differences after normalizing to β-actin). The relative expression levels of the samples are presented in a semi-log plot.
Statistical analysis
Expression of KLF8 in PCa tumors and paired adjacent nontumoral prostate was compared using the paired Student's t-test. Kaplan-Meier survival curves were constructed, and the differences between groups were analyzed using a log rank test. P<0.05 was considered statistically significant. Statistical analysis data represent the mean±standard deviations (SD) from at least three independent experiments, each performed in triplicate, or are representative of three different experiments with similar results. All statistical tests were carried out using SPSS (Statistical Package for the Social Sciences, SPSS Inc, Chicago, IL, USA). Correlations with patient survival were also investigated by way of Cox regression using MedCalc (MedCalc Software, Mariakerke, Belgium).
Results
KLF8 is highly expressed in human PCa tissues and cell lines and is correlated with shortened survival
We first determined the specific expression pattern of the KLF8 protein in 133 human PCa samples by immunohistochemical analysis. Immunoreactivity to anti-KLF8 antibodies was observed in 66.15% (43/65) of low-grade PCa tissues, 92.65% (63/68) of high-grade PCa tissues and 6.82% (3/44) of adjacent normal tissues. KLF8 staining was much stronger in high-grade PCa than in low-grade PCa ( Figure 1A, 1B) . We then compared the expression of KLF8 with Gleason score, PSA value and clinical stage. KLF8 immunoreactivity was observed in 50% (11/22) of score 2-6 PCa tissues, 75% (45/60) of score 7 PCa tissues and 98.04% (50/51) of score 8-10 PCa tissues ( Figure 1C Figure 1E ). We then examined the expression of KLF8 in eight human PCa cell lines using anti-KLF8 antibodies. KLF8 expression was elevated in all eight PCa cell lines ( Figure 1F) .
We further evaluated whether the KLF8 immunoreactivities correlated with overall survival in 65 clinical stage C patients with PCa. KLF8 immunoreactivity was inversely correlated with overall survival ( Figure 1G ). These results highlight the clinical importance of KLF8 in determining the prognosis for PCa and indicate a new target for PCa therapy. (Figure 2A) . We then tested the role of KLF8 in PCa cell proliferation using the MTT assay. A significant increase in the growth curve was observed, indicating that cell proliferation was enhanced in vitro in both LNcap cells and 22Rv1 cells after transfection with KLF8 ( Figure 2B, 2C) . We then examined whether KLF8 enhanced tumor growth in vivo. When tumor cells were injected subcutaneously into athymic nude mice, the overexpression of KLF8 resulted in dramatically increased tumor volumes compared with the vector control for both LNcap cells and 22Rv1 cells in vivo ( Figure 2D, 2E) . To further investigate the function of KLF8 in PCa cell proliferation and tumor growth, we used KLF8 shRNA to downregulate KLF8 in both LNCap cells and 22Rv1 cells ( Figure 2F ). KLF8 binds directly to AR To investigate the mechanism by which KLF8 regulates PCa cell proliferation, we used a yeast two-hybrid screen to map KLF8 binding proteins. AR was identified as a positive KLF8 binding partner. We then verified the association between KLF8 and AR with a co-immunoprecipitation assay in LNCap cells, using the anti-KLF8 antibody (α-KLF8) or control rabbit IgG (rIgG) and then immunoblotting for AR or KLF8. AR co-immunoprecipitated with the anti-KLF8 antibody but not with rIgG ( Figure 3A) . When LNCap cells were stimulated with androgen, the binding of KLF8 and AR was enhanced ( Figure 3B ). We next examined whether KLF8 interacted with AR directly by using purified recombinant proteins in which a GST tag was fused to KLF8 and a His tag was fused to the N-terminus (aa1-537, His-AR-N) or C-terminus (aa538-919, His-AR-C) of AR. The C-terminus of AR but not the N-terminus bound directly to GST-KLF8 ( Figure 3C, 3D) . The C-terminus of AR contains a DNA binding domain (DBD) and a ligand binding domain (LBD). To determine which domain binds KLF8, we generated His-AR-DBD and His AR-LBD pro-www.chinaphar.com He HJ et al Acta Pharmacologica Sinica npg teins. Using a pull down assay, we found that the DBD but not the LBD of AR bound KLF8 ( Figure 3E ). Taken together, our results clearly demonstrate that KLF8 binds directly to AR.
KLF8 enhances
PCa cell growth in vitro and in vivo LNCap cells are androgen dependent, whereas 22Rv1 cells can serve as a model of androgen-independent prostate cancer. To investigate the biological role of KLF8 in PCa cells, we overexpressed KLF8 in human PCa LNcap cells and 22Rv1 cells
KLF8 enhances AR target gene transcription
We then evaluated whether KLF8 affects AR transcription activity using a luciferase reporter assay. LNCap cells were co-transfected with a plasmid encoding the AR binding sites (PSA promoter) and the luciferase reporter or a system control plasmid encoding the β-galactosidase reporter gene. AR target luciferase reporter activity was robustly increased upon stimulation with androgen when KLF8 was ectopically expressed ( Figure 4A) . Consistently, when we knocked down KLF8 using shRNA, AR target luciferase reporter transcription was significantly decreased ( Figure 4B ).
To further elucidate the role of KLF8 in AR transcriptional activity, we examined the mRNA level of the AR and the ARregulated androgen-responsive prostate specific antigen (PSA) gene. The AR gene is also an androgen-responsive gene. Indeed, ectopic expression of KLF8 triggered the expression of the AR and PSA genes in LNCap cells ( Figure 4C ), whereas knockdown of KLF8 attenuated their expression in LNCap cells stimulated with androgen ( Figure 4D ). These results clearly indicate that KLF8 is an important co-activator of ARmediated genes.
Discussion
In this study, we demonstrated that KLF8 enhances PCa cell proliferation in vitro and in vivo and that KLF8 is a novel AR co-activator in PCa. KLF8 binds directly to AR and regulates AR-mediated transcriptional activity. More importantly, KLF8 immunoreactivity was positively correlated with increased pathological grade of PCa and inversely correlated with overall survival in patients with a diagnosis of PCa, further underscoring the clinical significance of KLF8 in the pathogenesis, prognosis, and treatment of PCa. Androgen/AR signaling has a critical role in the growth and development of the normal prostate gland and in the proliferation and progression of prostate cancer [18, 19] . Androgen binding to AR induces AR activation. Activated AR translocates into the nucleus, where it binds to specific androgen response elements in the promoter and enhancer regions of androgenregulated genes and initiates the transcription of these GST-fused KLF8 (GST-KLF8) were incubated with glutathione beads as indicated. After extensive washing, the beads were immunoblotted with an anti-His antibody (α-His); GST-KLF8 was detected with an anti-GST antibody (α-GST). A sample loading control is shown (2% input).
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Acta Pharmacologica Sinica npg genes [20, 21] . Androgen deprivation is the predominant therapeutic strategy for prostate cancer and is of particular benefit to patients with low-grade tumors. However, this treatment strategy is much less effective for the long-term treatment of high-grade tumors with recurrence, a state termed castrationresistant PCa (CRPC). In CRPC, AR is usually functionally active independent of androgen [22] [23] [24] [25] . A suggested mechanism for the maintenance of a functional active AR is the aberrant expression of AR co-activators, leading to increased AR activity [23, 26] . Here, we reported that KLF8 bound AR; furthermore, the overexpression of KLF8 increased and the knockdown of KLF8 decreased AR transcription activity in both androgendependent LNCap cells and androgen-independent 22Rv1 cells. In particular, KLF8 was detected at much higher levels in high-grade PCa than in low-grade PCa. These results indicate that KLF8 may be an AR co-activator and contribute to high-grade PCa. The correlation between increased KLF8 expression and decreased survival rate suggests that KLF8 could be a new drug target for PCa therapy.
As a transcription factor, KLF8 can regulate the transcription of many genes. For example, KLF8 can negatively regulate the globin and E-cadherin genes through contact with the C-terminal Binding Protein (CtBP) corepressor. KLF8 can also positively regulate cyclinD1 genes by recruiting the p300 or p300/CBP associated factor (PCAF) co-activator of the histone acetylase family [13, 27, 28] . Here, we determined that KLF8 could directly bind to AR and regulate the transcription of AR-targeted genes. KLF8 could facilitate the binding of AR to chromatin or recruit other elements to bind AR. However, the mechanism by which KLF8 assists AR in regulating transcription awaits further study. In contrast to KLF8, another KLF family member, KLF4, is a tumor suppressor protein. Ectopic overexpression of KLF4 inhibits the growth and invasiveness of tumor cell lines, including prostate cancer [29] [30] [31] . The relationship between KLF8 and KLF4 requires further study.
In summary, we identified a novel AR co-activator, KLF8, that plays an important role in regulating PCa cell proliferation and tumor growth. The expression of KLF8 was also correlated with the PCa pathology stage and with the survival of PCa patients. These observations suggest that KLF8 could be a target for PCa diagnosis and therapy. 
